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Floc Composition and Solubility Study  Executive Summary 

Executive Summary 

Sporadic blooms of flocculent (floc) appear during the course of the year at several locations 

in the ditch system of the Olin Corporation Site in Wilmington, MA. The floc is described as 

a white to red, fluffy, low-density solid that resides on ditch streambed sediments. Three 

distinct floc types have been observed in the Site ditch system: 

• “background floc,” which occurs upgradient of the Site at the Eames Street 

overpass and along the entire East Ditch; 

• “red floc,” which is associated with the Off-Property West Ditch; and 

• “white floc,” which is associated primarily with the South Ditch but is also found 

in the East Ditch. 

The present study was undertaken to (1) further quantify floc composition and describe its 

morphology, and (2) assess floc solubility under a range of pH conditions encompassing 

those that are likely to occur in the ditch system. The study serves two overlapping needs: 

• it characterizes the composition and morphology of the various floc types and it 

quantifies the potential impacts of floc dissolution on metal concentrations in the 

ditch system over a range of possible pH values, and  

• it augments the general characterization of floc composition by assessing the 

distribution of specific metals within the floc grains. 

Floc and associated surface water samples were collected from three locations in the Site 

ditch system. Field procedures and laboratory methods are described and the analytical 

results are documented in an appendix. Results of study showed that: 

• All floc types exhibit a botryoidal aggregate crystal habit, with individual crystallites 

generally having a radius <25µm. Some of the crystallites in the background floc also 

contain pseudoconcentric layering indicative of multi-phase precipitation. The outer 

margins of some of these grains were found to be enriched in chromium. 

• The metals concentrations in background floc, red floc, and white floc are different 

based on total metals analysis (ICP), as would be expected from their different 
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appearances. Although all floc types contained relatively high levels of iron (20,200 

to 89,100 mg/Kg), the highest iron concentrations were found in the white floc. White 

floc also had higher levels of manganese, chromium, and aluminum than either the 

red or background floc types. 

• Electron microprobe analysis (EMPA) results varied somewhat from the analytical 

(ICP) results because of the different scales of analysis of the two methods. The ICP 

analyses are more representative of the overall bulk composition of the floc 

sediments, while the EMPA results provide better information regarding the 

composition of the individual mineral grains. 

• The solubility behavior of each of the three floc types is similar, with increasing 

solubility as the pH drops below circum-neutral. All three floc types were observed to 

have low metal solubility for Fe, Al, Mn, and Cr over the range of pH conditions 

likely to occur in the ditch system (pH 5-7). The maximum floc-equilibrated 

concentrations within this range for aluminum and iron were those in equilibrium 

with the background floc (1.34 and 155 mg/l, respectively), and for chromium and 

manganese were those in equilibrium with the white floc (0.062 and 6.36 mg/l, 

respectively). These concentrations generally approached method detection limits as 

the pH approached neutral. 

• Aqueous aluminum concentrations were below the normal method detection limit 

(0.1 mg/L) for all floc types. Low-level aluminum analyses on the white floc, which 

had the highest abundance of aluminum in the solid phase of all floc types, also found 

that aluminum concentrations were below the low-level detection limit (0.05 mg/L). 

Hence, geochemical modeling was used to predict Al concentrations at the Site. 

• Hexavalent chromium was not detected in any of the surface water samples, any of 

the floc slurries, or any of the solubility study water samples (equilibrated with floc 

material at various pH values). There was a single anomalous detection of Cr(VI) in 

the white floc solid phase sample, which was analyzed using the alkaline digestion 

Method 3060A. However, this method is susceptible to interference when soluble 

trivalent Cr concentrations exceed four times the reporting limit; in the case of the 
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white floc solid phase sample, the concentration of Cr was significantly more than 

four times the 21 mg/kg reporting limit, resulting in questionable validity of the 

detection of Cr(VI) in this sample. 

• Although analysis of the bulk composition of floc samples indicated the presence of 

manganese in all three floc types, Mn was not observed as a floc component when 

analyzed with EMPA. Based on the fact that the manganese concentrations in the floc 

slurries were 10 to 100 times more than the concentrations observed in the filtered 

water samples, it is apparent that the manganese in the ditch system is strongly 

partitioned into a solid phase(s). 

p:olin\floc\solubility study\Floc Study Report_TEXT.doc  ES-3 



Table of C
ontents



 

Table of Contents 

1  Introduction.......................................................................................................... 1 

2  Methods ................................................................................................................ 3 

2.1 Floc and Surface Water Collection ............................................................................................ 3 
2.2 Laboratory Procedure ................................................................................................................ 3 

2.2.1 Compositional Analysis of Floc and Surface Water..............................................................3 
2.2.2 Solubility Investigation ..........................................................................................................4 

3  Results.................................................................................................................. 6 

3.1 Morphology of Floc..................................................................................................................... 6 
3.2 Composition of Floc and Floc Slurries ....................................................................................... 6 
3.3 Composition of Surface Water ................................................................................................... 7 
3.4 Solubility of Floc ......................................................................................................................... 8 

3.4.1 Background Floc ...................................................................................................................8 
3.4.2 Red Floc................................................................................................................................8 
3.4.3 White Floc .............................................................................................................................8 
3.4.4 Solubility Controls .................................................................................................................9 

3.5 Quality Control Results ............................................................................................................ 10 
3.6 Solubility Summary .................................................................................................................. 11 

4  Discussion.......................................................................................................... 12 

4.1 Aluminum ................................................................................................................................. 12 
4.2 Chromium................................................................................................................................. 12 
4.3 Iron .......................................................................................................................................... 12 
4.4 Manganese .............................................................................................................................. 13 
4.5 Redox Controls ........................................................................................................................ 14 

5  Conclusions ....................................................................................................... 15 

6  References ......................................................................................................... 16 

 
Appendix A – Summary of Floc Sampling Events by MACTEC 

Appendix B – Laboratory Analytical Data Packages 

p:\olin\floc\solubility study\Floc Study Report_TEXT.doc i



 

List of Tables 

1.  Results of solubility studies of background floc. 

2.  Results of solubility studies of red floc. 

3.  Results of solubility studies of white floc. 

4.  Surface water and floc slurry chemistry. 

5.  Surface water and solubility study geochemical parameters. 

6.  Comparison of Floc Type Compositional Analyses. 

7.  Duplicate analyses and relative percent differences. 

 

List of Figures 

1.  Map of ditch system and floc sample locations. 

2.  EMPA photomicrograph and WDX spectra of background floc. 

3.  EMPA photomicrograph and WDX spectra of red floc. 

4.  EMPA photomicrographs and WDX spectra of white floc. 

5.  Metal solubility of background floc as a function of pH. 

6.  Metal solubility of red floc as a function of pH. 

7.  Metal solubility of white floc as a function of pH. 

8.  Metal solubility in Cr spiked samples as a function of pH. 

9.  Graph of metals concentrations in surface water equilibrated with red floc for 

various periods of time. 

10.  Eh pH diagram for chromium. 

 

p:\olin\floc\solubility study\Floc Study Report_TEXT.doc ii



Section 1



Floc Composition and Solubility Study  Introduction 

1  Introduction 

The 51 Eames Street Property in Wilmington, MA, (the Property) is the location of a former 

chemical manufacturing facility that has been owned and operated by several companies 

since the mid-1950s. As a result of contamination from historical waste disposal practices, 

the Property and certain areas adjacent to it are listed by the Massachusetts Department of 

Environmental Protection (MADEP) as a Tier 1A Disposal Site (Release Tracking 

No. 3-0471). The Property is currently owned by Olin Corporation, which is responsible for 

response actions at the Site under the provisions of the Massachusetts Contingency Plan, 310 

CMR 40.0000. 

Sporadic blooms of flocculent (floc) appear during the course of the year at several locations 

in the ditch system surrounding and passing through the Property (Figure 1). The floc forms 

through the process of flocculation (i.e., the agglomeration or aggregation of suspended 

colloidal particles resulting in the formation of a solid-phase material), and is described in 

field observations as a white to red, fluffy, low-density solid that resides on ditch streambed 

sediments (Smith 1997). Three visually distinct floc types have been observed in the Site 

ditch system: 

• “background floc,” which occurs upgradient of the Site at the Eames Street 

overpass and along the entire East Ditch; 

• “red floc,” which is associated with the Off-Property West Ditch (OPWD); and 

• “white floc,” which is associated primarily with the South Ditch but is also found 

in the East Ditch. 

When the floc is disturbed, it easily becomes suspended in the water column and is 

transported downstream by the current, ultimately ending up in the East Ditch. 

Previous studies have detected iron, aluminum, and chromium-bearing hydroxide and sulfate 

phases in the floc (Smith 1997). Because of the metals detected in the floc (e.g., chromium) 

there is a concern of potential ecological risk to aquatic receptors in the ditch system and 

downstream of the East Ditch. Geochemical interactions between surface water and 

suspended solids and the resulting mineralogical constraints on metal concentrations in the 
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water column are integral components in controlling metal solubility, and consequently metal 

bioavailability in fluvial environments (Di Toro et al. 1990; Ankley et al. 1996, Davis and 

Atkins 2001). Hence, understanding of the metals content and solubility of the different floc 

types will assist in defining ecological risk for the ditch system. 

The present study was undertaken to (1) further quantify floc composition and describe its 

morphology, and (2) assess floc solubility under a range of pH conditions encompassing 

those that are likely to occur in the ditch system. The study serves two overlapping needs: 

• As described in the Scope-of-Work (SOW) for the East Ditch (letter to MADEP dated 

10/11/01), it characterizes the composition and morphology of the various floc types 

and it quantifies the potential impacts of floc dissolution on metal concentrations in 

the ditch system over a range of possible pH values;  

• As discussed in the SOW for the Phase III Detailed Evaluation of Remedial 

Alternatives for the Off Property West Ditch Study Area (letter to MADEP dated 

10/28/02), it augments the general characterization of floc composition by assessing 

the distribution of specific metals within the floc grains. 

In addition, spiking studies were conducted along with the solubility investigation as a means 

of evaluating the potential for oxidation of Cr(III) in floc to Cr(VI), which could alter the 

toxicological profile of floc in the ditch system. 
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2  Methods 

2.1 Floc and Surface Water Collection 

To obtain the necessary quantity of floc for these investigations, each floc type was collected 

at the location where it occurred in the greatest abundance (Figure 1): red floc was collected 

from the western spur of the Off-Property West Ditch, white floc was collected at the west 

end of the South Ditch approximately 20 feet downstream from the current weir, and 

background floc was collected from the East Ditch approximately 100 feet upgradient of the 

Eames Street overpass. Surface water samples were also collected at each floc sampling 

location and from the East Ditch near its confluence with the South Ditch; the latter sample 

was collected to provide site-specific surface water for the solubility study. 

MACTEC performed the floc collection fieldwork in June and September 2003, and a 

summary of their field activities is provided in Appendix A. Because there was insufficient 

white floc present in June, when access to the East Ditch became available, it was necessary 

to collect the white floc at a later date. At the time of the fieldwork, surface water samples 

and splits of the floc slurry samples were sent under chain of custody directly to Severn Trent 

Laboratories (STL) in Westfield, MA for preliminary analysis. The remaining portions of the 

floc slurry samples and the additional East Ditch surface water sample were sent under chain 

of custody to Geomega’s laboratory in Boulder, CO for use in the solubility-testing part of 

the study. 

2.2 Laboratory Procedure 

2.2.1 Compositional Analysis of Floc and Surface Water 

The filtered surface water samples were analyzed by STL for dissolved chromium (total and 

trivalent), aluminum, iron, and manganese using EPA Method 200.7, as well as hexavalent 

chromium using EPA Method 7196a. The floc slurries (unfiltered floc samples in a surface 

water matrix) were treated as if they were unfiltered water samples and digested and 

analyzed for total chromium (total and trivalent), aluminum, iron, and manganese using EPA 

Method 200.7, hexavalent chromium using EPA Method 7196a and total suspended solids 

using EPA Method 160.2. 
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Splits of the floc samples sent to Geomega were analyzed by electron microprobe analysis 

(EMPA) equipped with wavelength dispersive x-ray spectroscopy (WDX). The EMPA work 

was performed at the University of Colorado laboratories in Boulder, CO (red and 

background floc) and at Hazen Research, Inc., in Golden, CO (white floc) under the 

supervision of Geomega personnel and following the methods described in Davis et al 

(1992). 

2.2.2 Solubility Investigation 

For the solubility investigation, suspended floc samples were centrifuged and decanted to 

isolate the floc. A portion of each floc type was then equilibrated with East Ditch surface 

water in an approximate 20:1 mass ratio of water to floc. The pH of each test batch was 

subsequently adjusted to the appropriate level (4, 5.5, 7.0, and 8.5 standard units) using either 

a 1N sulfuric acid or sodium hydroxide solution. Samples were equilibrated by mixing for 

24 hours at a constant temperature typical of summer ditch-system conditions. 

In one case, aliquots of the supernatant solutions were also tested at 2, 4, 8, and 16 hours to 

ensure that steady state conditions were achieved within the prescribed time interval (24 

hours). Dissolved oxygen (DO) was monitored over the course of these batch tests to ensure 

that oxidizing conditions of the surface waters were reproduced in the laboratory tests. 

Following equilibration of the final solution sets, each sample was centrifuged and the 

supernatant filtered through a 0.1 µm filter. Water samples were shipped under chain-of-

custody to STL in Westfield, MA for analyses of dissolved chromium (total and trivalent), 

aluminum, iron, and manganese using EPA Method 200.7, as well as hexavalent chromium 

using EPA Method 7196a. The isolated floc samples were analyzed (as a solid matrix) for 

chromium (total), aluminum, iron, and manganese using EPA Method 6010B, as well 

trivalent chromium using EPA Method 3500D and hexavalent chromium using EPA 

Method 7196. Geochemical parameters (pH, Eh, DO, temperature, specific conductivity) 

were measured on splits of all the final solutions. 

To further evaluate the potential for auto-oxidation of Cr(III) to Cr(VI), aliquots from the 

background floc solubility test were spiked with Cr(III) to a concentration of 200 mg/L prior 

to equilibration of the floc and surface water. A complete set of pH tests was run with the Cr 
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(III) spiked samples using the methodology described above, and the samples were analyzed 

for the same parameters as the other floc samples.
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3  Results 

3.1 Morphology of Floc 

The morphology of the very fine-grained floc precipitates was examined using EMPA with 

WDX. Photomicrographs illustrating the typical morphology of the background, red, and 

white flocs are shown in Figures 2, 3, and 4, respectively. All floc types exhibited a 

botryoidal aggregate crystal habit, with individual crystallites generally having a radius 

<25µm. Some of the crystallites in the background floc also contained pseudoconcentric 

layering indicative of multi-phase precipitation. The outer margins of some of these grains 

were found to be enriched in chromium. 

3.2 Composition of Floc and Floc Slurries 

The composition of the floc after isolation from the ambient pH groundwater and the 

composition of the water after equilibration with the background, red, and white floc at the 

pH values of interest are given in Tables 1, 2, and 3, respectively. Copies of the analytical 

data packages from STL are provided in Appendix B. 

The metals concentrations in background floc, red floc, and white floc are different, as would 

be expected from their different appearances. Although all floc types contained relatively 

high levels of iron (20,200 to 89,100 mg/Kg), the highest iron concentrations were found in 

the white floc. White floc also had higher levels of manganese, chromium, and aluminum 

than either the red or background floc types (cf. Tables 1 through 3). A single anomalous 

detection of hexavalent chromium was reported in the white floc solid sample, which was 

analyzed using the alkaline digestion Method 3060A. 

Electron microprobe results vary somewhat from the analytical results, which were based on 

solid phase digestion. The most significant variation is the fact that manganese was not 

detected in any of the floc samples using the EMPA/WDX analysis. However, EMPA did 

indicate the presence of sulfur in both the red and white flocs, but not in the background floc. 

Background floc, as observed with EMPA, is composed of iron oxide/hydroxide phases with 

approximately 66 wt% Fe, 2 wt% Cr, and a trace of Al <1 wt%) (Figure 2). EMPA of the red 

floc indicates that it is composed of an iron-chrome-aluminum sulfate phase in addition to the 

iron oxide/hydroxides (Figure 3). The composition of this phase is roughly 47 wt% Fe, 8 
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wt% Cr, 6 wt% Al, and 5 wt% S. Meanwhile, EMPA shows that the white floc contains 

relatively less iron (15.9 wt%), more aluminum (12.3 wt%), and minor amounts of Cr and S 

(2.6 wt% each). Trace amounts of Ca, Si, P, and Cl were also detected in the white floc 

samples. 

The composition of the floc slurries (floc solid samples suspended in a surface water matrix) 

collected at each site are given in Table 4, and copies of the analytical data packages from 

STL are provided in Appendix B. Geochemical parameters measured in the field are listed on 

Table 5. The red and white floc slurry samples were greatly enriched in chromium (3 orders 

of magnitude), moderately enriched in aluminum (25 to 35 times), and had lower to similar 

iron and manganese concentrations relative to the background floc slurry. Hexavalent 

chromium was not detected in any of the floc slurry samples. 

Comparison of the various analyses of floc composition (Table 6) illustrates the agreement of 

metal distributions in each floc type using the different analytical methods. After 

normalization of the results to the percentage of total metals, the different method results 

were generally in close agreement (within 3%), except for the results of the EMPA analyses 

and the ICP analyses for the red and white floc. The discrepancies between these analyses 

were primarily differing aluminum and iron concentrations (Mn and Cr differences were 

<3%). These differences were most likely due the differences of scale between analytical 

methods. EMPA analysis is a micro-scale analytical technique that gives compositional 

information on the single-grain scale, while the ICP analysis is a measurement of the bulk 

composition of the material and is less impacted by fine-scale compositional heterogeneities. 

Therefore, the ICP analyses are probably more representative of the overall bulk composition 

of the floc sediments, while the EMPA results provide better information regarding the 

individual phases present (the composition of the individual mineral grains).  

3.3 Composition of Surface Water 

The composition of the filtered surface water collected at each site is given in Table 4, and 

copies of the analytical data packages from STL are provided in Appendix B. Geochemical 

parameters measured in the field are listed on Table 5. Chromium and aluminum 

concentrations were below detection in all filtered water samples except for the red floc 
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sample, which had Cr and Al concentrations of 0.068 mg/L and 0.408 mg/L, respectively. 

The red floc filtered water sample also contained higher iron and manganese concentrations 

than any of the other filtered water samples (2.67 mg/L and 0.965 mg/L, respectively). The 

background floc water sample contained more iron than manganese (0.633 mg/L versus 

0.153 mg/L), while the white floc and southeast confluence water samples contained more 

manganese than iron (0.582 mg/L versus 0.372 mg/L for the white floc, and 0.273 mg/L 

versus <0.1 mg/L for the southeast confluence). Hexavalent chromium was not detected in 

any of the filtered surface water samples. 

3.4 Solubility of Floc 

3.4.1 Background Floc 

The solubility-test results for the background floc, shown on Table 1, are plotted as a 

function of pH in Figure 5. Geochemical parameters monitored in the lab are listed on 

Table 5. The results demonstrate that pH exerts a strong control on the concentration of all 

metals of interest, with the highest aqueous concentrations occurring at lower pH values. 

Chromium concentrations in equilibrium with the background floc decrease to below 

detection (0.01 mg/L) for pH values of 5.5 or greater. Similarly, aluminum concentrations 

decrease to below detection (0.1 mg/L) for pH values of 7 or greater.   

3.4.2 Red Floc 

The solubility-test results for the red floc, shown on Table 2, are plotted as a function of pH 

in Figure 6. As with the background floc, the results indicate a strong pH control. Iron 

remains below detection limits (0.1 mg/L) at all pH values, while aluminum, chromium, and 

manganese concentrations increase with decreasing pH. At circum-neutral pH, all metals 

except Mn (0.307 mg/L) are below detection. 

3.4.3 White Floc 

The solubility results for the white floc, shown on Table 3, are plotted as a function of pH in 

Figure 7. Again, a strong pH control is indicated. Chromium concentrations in equilibrium 

with white floc are higher than those in equilibrium with the two other floc types at similar 

pH values. White floc in equilibrium with circum-neutral pH surface water had a Cr(III) 
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concentration of 6 µg/L and a Mn concentration of 32µg/L. Iron concentrations were below 

detection (50 µg/L) at all pH values greater than 4. 

3.4.4 Solubility Controls 

3.4.4.1 Chromium 

The results of the Cr-spiked solubility test are listed on Table 1 and shown graphically in 

Figure 8. As with all other water samples, the samples spiked with trivalent chromium 

contained no detectable Cr(VI). As expected, experimental results show that chromium in 

floc is more soluble at low pH and less soluble at circum-neutral pH (Figure 8). Even at the 

lowest tested pH value (nominally 4), Cr is only fractionally soluble: background floc 

produced only 36 µg/L (Table 1), red flock produced only 399 µg/L (Table 2), white floc 

produced an average of 1,805 µg/L (Table 3), and the background floc spiked with 200 mg/L 

of Cr(III) solution produced only 103 mg/L (Table 1). 

3.4.4.2 Aluminum 

Aluminum concentrations dropped below the normal method detection limit (100 µg/L) at 

circum-neutral pH. Because this limit exceeds the Ambient Water Quality Criterion (AWQC) 

of 87 µg/L, the geochemical model PHREEQCI (Parkhurst and Appelo, 1999) was used to 

estimate the aluminum concentrations likely to be present at circum-neutral pH. The 

geochemical model calculated Al concentrations for water similar in composition to the 

surface water samples in equilibrium with the aluminum hydroxide mineral gibbsite. The 

geochemical parameters (pH, temperature, and DO) measured for the red floc surface water 

sample were used as inputs to the model and aluminum concentrations in equilibrium with 

crystalline gibbsite were calculated to be 0.0179 mg/L, which is well below the 0.1 mg/L 

detection limit. As indicated by the solubility study results, aluminum concentrations tend to 

increase with decreasing pH. Thus, using the most acidic ditch conditions from the Site (red 

floc surface water sample) provided a conservative approximation of aluminum 

concentrations in the ditch system. 

Additionally, low-level aluminum analyses (0.05 mg/L method detection limit) were 

requested for the white floc samples. The circum-neutral pH white floc samples were below 

detection, even at the lower detection limit of 0.05 mg/L (Table 3). 
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3.4.4.3 Iron and Manganese 

Iron and manganese solubility is similar to that observed for Cr and Al, with higher 

concentrations observed at low pH and decreasing concentrations as pH increases. However, 

unlike the other metals, which were all below detection at circum-neutral pH, Mn tended to 

remain in solution at higher pH values. Manganese concentrations did not drop below 

detection limits until a pH of 8.5 for the red floc and the white floc, and remained at 

detectable concentrations at all tested pH values for the background floc. 

3.5 Quality Control Results 

In addition to the analytical laboratory quality control procedures, the use of field blanks, 

duplicate samples, and an examination of dissolution equilibration times were employed to 

further validate the study results. No metals were detected in the field blank sample, 

indicating that the floc field-sampling procedure did not introduce metal contaminants to 

samples. 

The duplicate samples were compared by calculating the relative percent difference (RPD) of 

the samples, using the formula: 

RPD=[X1-X2] / [(X1+X2)/2] * 100    (1) 

where X1 is the concentration measured in the original sample and X2 is the concentration 

measured in the duplicate. Results of the duplicate analyses and the relative percent 

differences are listed on Table 7. 

Comparison of different equilibration periods for floc solubility indicates that a 24-hour 

period was sufficient to attain a new steady state at the adjusted pH. Concentrations after 

equilibration of the red floc with surface water at pH 7.0 are shown on Figure 9 for 

equilibration periods of 2, 8, 16, and 24 hours. 
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3.6 Solubility Summary 

The solubility of metals in the Olin ditch-system is relatively low. Tables 1, 2, and 3 show 

the relative solubility of each metal in the lab solubility tests, as well as for the field samples 

(floc slurries and surface water). Relative solubility is calculated using the formula: 

Relative Solubility = [(Maq) / (Mfloc)] × 100    (2) 

where Maq is the mass per unit volume of the given analyte in solution (at the given pH) and 

Mfloc is the mass per unit volume of the given analyte present in the floc (at the given pH). 

Although direct comparison is hindered by differences in pH and floc:water ratios between 

the lab and the field samples, relative solubility results are generally in close agreement.  

Metal solubility is relatively low in the pH range likely to occur in the ditch system (pH 5-7). 

The maximum floc-equilibrated concentrations within this range for aluminum and iron were 

those in equilibrium with the background floc (1.34 and 155 mg/l respectively), and for 

chromium and manganese were those in equilibrium with the white floc (0.062 and 6.36 mg/l 

respectively). These concentrations generally approach method detection limits as the pH 

approaches neutral.
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4  Discussion 

4.1 Aluminum 

While aluminum concentrations were below the method detection limit (0.1 mg/L), 

geochemical modeling enabled prediction of Al concentrations likely to exist at the Site. The 

model results showed that a conservative estimate of aluminum concentration in the Olin 

ditch system is 0.0179 mg/L at a pH of 5.38. Low-level aluminum analyses on the white floc, 

which had the highest abundance of aluminum in the solid phase of all floc types (cf. 

Tables 1 through 3), also found that aluminum concentrations were below the low-level 

detection limit of 0.05 mg/L. 

4.2 Chromium 

Hexavalent chromium was not detected in any of the surface water samples, any of the floc 

slurries, or any of the solubility study water samples (equilibrated with floc material at 

various pH values). There was a single anomalous detection of Cr(VI) in the white floc solid 

phase floc sample analyzed using the alkaline digestion Method 3060A. This method is 

susceptible to interference (due to laboratory induced oxidation of Cr(III)) when soluble 

trivalent Cr concentrations exceed four times the reporting limit (21 mg/kg in this case), as 

well as in the presence of “freshly precipitated Cr(OH)3” (USEPA 1996; Ricardi 2003). The 

concentration of Cr in this sample was significantly more than four times the 21 mg/kg 

reporting limit, resulting in questionable validity of the detection of Cr(VI) in this sample. 

Additionally, Cr(VI) solid phases have higher solubility than the Cr(III) solid phases (Drever 

1997), and as a result water in equilibrium with solid phases containing Cr(VI) should 

contain detectable aqueous Cr(VI); none of the water samples from this study contained 

detectable aqueous Cr(VI). 

4.3 Iron  

All three floc types were composed primarily of iron oxide/hydroxide minerals. Iron minerals 

such as these are good sorbents for metals (Dzombak and Morel 1990), and thus are expected 

to aid in sequestering metals throughout the ditch system. 

p:\olin\floc\solubility study\Floc Study Report_TEXT.doc 12



Floc Composition and Solubility Study  Discussion 

While the general behavior of iron solubility was similar across the floc types, the pH at 

which iron concentrations began to dramatically increase varied with the floc type. This was 

most likely due to varying sulfate concentrations. The presence of sulfate leads to an increase 

in the stability of solid iron phases at lower pH, effectively suppressing the pH at which 

dissolved iron (and associated metal) concentrations rise. The background floc shows 

increased metal solubility at higher pH values relative to both the red and white floc types, 

which, as indicated by EMPA, contain >100 times as much sulfur as the background floc. 

While iron and chromium solubility increased at a higher pH in the background floc, in the 

presence of sulfur concentrations typical of the Site their solubility should remain low until 

the pH drops below about 4, due to the formation of sulfate minerals. This behavior was 

observed in the solubility tests for the red and white floc, as well as in the observed surface 

water concentrations in equilibrium with the red and white floc. Thus, the presence of 

elevated sulfur concentrations at the Site helps to increase the metal attenuating capacity of 

iron minerals in the 3 to 6 pH range. 

4.4 Manganese 

Manganese solubility results, although somewhat different from those of the other metals, 

were not unexpected. Manganese is commonly soluble up to a pH of about 10, and the 

oxidation of Mn(II) to the relatively insoluble Mn(III) is usually a slow, kinetically controlled 

process (Hem 1981; Bricker 1965). 

Although analysis of the bulk composition of floc samples indicated the presence of 

manganese in all three floc types, Mn was not observed as a floc component when analyzed 

with EMPA. It is possible that the Mn detected in the floc slurries was actually present as an 

independent phase, not directly associated with the iron, aluminum, and chromium 

oxides/oxyhydroxides. At the Mn concentrations reported from the analytical digestion (22.2 

to 114 mg/kg) the floc would have been roughly 0.01% Mn by weight. At those 

concentrations, manganese could also have simply been below the method detection limit for 

WDX / EMPA analysis. Regardless, based on the fact that the manganese concentrations in 

the floc slurries were 10 to 100 times more than the concentrations observed in the filtered 

water samples, it is apparent that the manganese in the ditch system is strongly partitioned 

into a solid phase(s). 
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Floc Composition and Solubility Study  Discussion 

4.5 Redox Controls 

In addition to the aforementioned pH controls, the redox potential of the environment can 

also influence the solubility of metals having variable oxidation states, such as chromium, 

iron, and manganese. If floc sediments were buried or inundated by reducing waters, the 

reducing conditions of their environment could lead to changes in solubility controls. 

Figure 10 is an Eh pH diagram illustrating the potential influence of these types of changes in 

the redox state of the environment on the solubility of Cr. As indicated by the diagram, at 

circum-neutral pH a shift toward more reducing conditions is not likely to result in 

significant increases in chromium solubility due to the presence of the stable solid phase Cr 

species (Cr(OH)3) under those conditions. Similarly, in the presence of sulfur in reducing 

conditions, iron solubility is controlled by the precipitation of the solid phase pyrite and (in 

the presence of CO2) manganese by the solid phase rhodochrosite.
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5  Conclusions 

The morphology and composition of the three types of floc observed in the OPWD are 

documented in this study. All three floc types are fine-grained, botryoidal iron 

oxide/hydroxides with differing amounts of chromium, aluminum, and manganese. These 

types of fine-grained iron minerals have high sorption capacities and will, therefore, aid in 

sequestering metals from solution. Background floc contains pseudoconcentric layering with 

elevated chromium concentrations in the peripheral concentric zones, while the white and red 

floc appear to be more homogenous with respect to the distribution of metals within the floc 

grains. The red floc that is found in the OPWD contains more chromium and aluminum than 

the background floc from the East Ditch, most likely due to active sorption and 

coprecipitation of these metals as the floc precipitates. 

The solubility behavior of each of the three floc types is similar, with increasing solubility as 

the pH drops below circum-neutral. However, all three floc types were observed to have low 

metal solubility for Fe, Al, Mn, and Cr over the range of pH conditions likely to occur at the 

site. None of the floc types are believed to contain any significant Cr(VI) and no Cr(VI) was 

observed in any of the water samples; furthermore, no potential for auto-oxidation from 

Cr(III) to Cr(VI) was indicated by any of the tests. While the method detection limit for 

aluminum precludes direct comparison of many of the measured Al concentrations to 

AWQC, the use of a geochemical model enabled prediction of the like range of Al 

concentrations in the ditch system.
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Figure 1.  Map of ditch system and floc sample locations.
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Figure 4. a), b) and c) EMPA photomicrographs

and d) WDX spectra from white floc.
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Average Concentration

Z Element Line Weight % Atom %

26 Fe KA1 @ 6.403 15.9 6.4

13 Al KA1 @ 1.487 12.3 9.5

16 S KA1 @ 2.307 2.6 1.7

24 Cr KA1 @ 5.414 2.6 1.0

8 O KA1 @ 0.523 60.6 77.7

Total* 94.0 96.2

*Trace amounts of Si, Ca, P, and Cl account for the difference

between 100% and reported totals.

a) b)

c) d)



Figure 5. Metal solubility of background floc as a function of pH.
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Figure 6. Metal solubility of red floc as a function of pH.
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Figure 7. Metal solubility of white floc as a function of pH.
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Figure 8. Metal solubility in Cr spiked samples as a function of pH .
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Figure 9. Graph of metal concentrations in surface
water equilibrated with red floc for various periods of time
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